Abstract Obesity is undoubtedly one of the major public health challenges worldwide because of its rapid progression and deleterious effects of associated diseases. The easier access to tasty and energy-dense foods is thought to greatly contribute to this epidemic. Studies also report that obese subjects and animals (rats and mice) preferentially consume foods rich in fat when they can choose. The origin of this eating behavior remains elusive. Over the last decade, the existence of a taste of fat, besides textural and olfactory cues, was supported by a growing number of studies. The existence of a sixth taste modality devoted to the detection/perception of dietary lipids might offer additive information on the quality of food. While the sense of taste is recognized to be a drivingforce guiding food choice, interest in the putative relationships between lipids, gustation and obesity is only now emerging. This mini-review will attempt to summarize our current knowledge on this new field of research.
DA

Introduction
Humans evolved in a context of food insecurity about 4 million years ago [1] . This environment has gradually influenced our eating behavior to select preferentially foods high in energy while improving their subsequent digestion, absorption and metabolic fate. It is only very recently (i.e. the middle of the XX th century) that a large portion of the global population has access to abundant and varied food. These are frequently engineered in the agro-food industry to be highly palatable, i.e. pleasant in the mouth and attractive. An easy access to tasty, energy-dense foods is thought to be a significant contributor to the recent rise in obesity prevalence and associated pathologies (i.e. non insulindependent diabetes, cardiovascular diseases, hypertension, cancer, neurodegenerative diseases).
Paradoxically, the sensory appeal for high palatable foods rich in fats and/or sugars seems to be reinforced in obese humans [2] [3] [4] . The origin of this change, that leads to an obesogenic vicious circle, is not yet fully understood. However, an obesityrelated adaptation of the orosensory detection/perception system is likely. In contrast to sugar, it was long considered that oral fat perception was solely dependent on its textural and olfactory cues. Recent identification of lipid-receptors in the taste buds of rodents [5, 6] and humans [7, 8] , whose partial or total absence deeply impacts the attraction for fat [5, 6, 9] , strongly suggests that dietary lipids might also be perceived by the gustatory pathway (for recent reviews, see (10) (11) . These findings raise several basic questions. Does obesity affect the sensitivity of peripheral orosensory detection and/or central perception of dietary lipids? Is this phenomenon reversible? What are the triggering factors? After a brief overview of the gustatory pathway and Bfatty tastep aradigm, this mini-review will attempt to summarize our current knowledge on these issues.
Gustation: from detection to perception
Five basic tastes are classically depicted: bitter, salty, sour, sweet and umami (savory). During the prandial period, the sense of taste plays a major role in the decision to consume or avoid foods. This selective eating behavior requires two successive steps: the peripheral detection of tastants by the taste buds primarily found in lingual epithelium and the central perception of generated taste stimuli by specific brain structures. Taste detection is carried out by specific chemosensors located at the apical side of taste buds found in fungiform, foliate and circumvallate papillae ( Fig. 1-1 ). Taste buds are onion-shaped structures constituted of somes tens of taste bud cells (TBC) including taste receptor cells (TRC) . Oral stimulation by a prototypical tastant, e.g. sucrose, triggers a signaling cascade leading to a neurotransmitter release by specific sweet-responsive TRC. Subsequent signals are transmitted by the afferent gustatory fibers from the chorda-tympani (CT) and glossopharyngeal (GL) nerves (cranial nerve VII and IX, respectively) to the nucleus of tractus solitarius (NTS) in the brainstem ( Fig. 1-1) .
The NTS is a hub between the peripheral gustatory detection system, digestive tract and brain. The NTS sends gustatory signals towards the digestive tract via efferent vagal (cranial nerve X) fibers ( Fig. 1-2 ). This taste-induced cephalic phase reflex constitutes an early warning system preparing, by anticipation, the digestive tract to food arrival [12] . Therefore, this reflex loop, which controls various digestive secretions (e.g. hormones, enzymes, bile salts), can be used as a marker of the oral chemoreception efficiency. For example, the rapid rise in the pancreato-biliary secretion triggered by an oral fat stimulation is lacking in mice in which the oral lipid-sensor CD36 is deleted [5] . NTS also projects the taste signals through the thalamus to the primary gustatory cortex (PGC). Anterior insula and frontal operculum (FOp) constitute the PGC that is responsible for the identification and evaluation of intensity of tastants. Finally, inputs from PGC reach the orbitofrontal cortex (OFC), which is considered a secondary gustatory cortex (SGC) [13] , due to its implication in the evaluation of reward value associated with taste ( Fig. 1-3) .
The OFC is a multimodal sensory platform receiving inputs from other sensory modalities related to food palatability (i.e. smell, texture, sight) and exchanging important flows of information with the reward pathway (i.e. mesolimbic system) about hedonic experience (i.e. liking) and incentive salience (i.e. wanting) related to taste [14] . The mesolimbic system is an integrated pathway, termed Bemotional brain^in Fig. 1 , including the amygdala (Amy) and hippocampus (hippo) implicated in learned memory and the ventral tegmental area (VTA) and nucleus accumbens (NAc) that are mainly involved in the motivation to eat [15] . Together, the PGC, SGC and Bemotional brain^are responsible for taste perception (Figs. 1-3) . By integrating other sensory modalities (textural, olfactory and visual cues), this system builds the hedonic valence of foods (i.e. palatability - Fig. 1-4) .
Post-ingestive regulatory signals (i.e. neurotransmitters, hormones, and nutrients) also provide real-time information about the feeding status to the hypothalamus (termed metabolic brain^in Fig. 1 ), known to control food intake and energy expenditure ( Fig. 1-5 ). It is noteworthy that a direct projection of taste-responsive neurons to the lateral hypothalamus has been demonstrated [16] suggesting that orosensory signals can also directly affect the homeostatic functions of the hypothalamus. Similarly, internal signals can modulate the Bemotional brain^function ( Fig. 1-6 ). For example, insulin and leptin signaling negatively impact the reward behavior and consumption of palatable foods [17] . Direct anatomical interconnections also link the mesolimbic system and hypothalamus ( Fig. 1-7) . Therefore, the regulation of appetite depends on a subtle balance between the^emotional brain^, responsible for hedonic hunger, and the Bmetabolic brain^that controls energy hunger. A dysfunction of this central homeostatic system can lead to obesity when hedonic hunger becomes dominant over the real energy needs of the body [18] .
In brief, the close relationship between gustation and hedonic value of foods points out the putative role of taste in the preferential consumption of palatable foods rich in sugar and fat and, hence, in the rise of obesity prevalence. While mechanisms underlying the perception of sweet taste have been widely studied for decades, the role of gustation in the orosensory detection of dietary fat is only now emerging.
The fatty taste paradigm
Over the last decade, a growing number of studies in rodents and humans suggests the existence of a gustatory component to explain the orosensory detection of dietary lipids, in addition to their textural and olfactory cues. Nevertheless, the existence of a sixth taste modality devoted to lipid perception remains controversial, especially in humans, because of lack of consensus regarding all the basic conditions required to consider an oro-sensation a primary taste. This issue has been recently reviewed in detail [10, 11, 19] . Nevertheless, the following criteria can be used to evaluate the putative involvement of gustation in the sensory perception of dietary fat (Table 1) .
Effective stimulus Although, dietary fat is mostly composed of triglycerides (TG), free fatty acids (FFA), especially longchain fatty acids (LCFA; number of carbons ≥16), are more efficiently detected in the oral cavity than TG during behavioral tests minimizing textural, olfactory and post-ingestive influences in the mouse [20] , rat [21] and human [22] . The use of lipase inhibitors has shown that LCFA can be efficiently released from TG in the mouse [23] and human [9] . Therefore, LCFA which are the major components of TG, and hence of dietary fat, appear to be responsible for the orosensory detection of lipids.
Chemoreception system Two unrelated lipid-receptors displaying LCFA-binding affinity are expressed in gustatory papillae. The glycoprotein CD36, which belongs to the scavenger receptors family, was the first to be identified in TRC in rodents [5, 24] and more recently in humans [7] . The role of CD36 as a gustatory lipid sensor is supported by the fact that the oral detection of LCFA appears to be tightly linked to CD36 expression levels. Indeed, deletion of CD36 gene in the mouse [5] or siRNA gene silencing of lingual CD36 in the rat [25] render animals unable to properly detect LCFA during behavioral tests. Similarly, the common single nucleotide polymorphism rs1761667 in the CD36 gene, known to be associated with a reduction of CD36 expression [26] , attenuates orosensory sensitivity for oleic acid (C18: 1, n-9) in humans [9] .
Another LCFA receptor, the GPR120 also termed free-fatty acid receptor 4 (FFAR4), has recently been identified in the TRC in the mouse [6] and human [8] . This member of the G protein-coupled receptor (GPCR) family was initially reported to be a plausible candidate for LCFA detection by taste buds because GPR120-null mice were unable to properly detect an oily source during a behavioral test [6] . Nevertheless, such a function remains questionable in this species because this finding has not been reproduced [27, 28] . Moreover, healthy volunteers subjected to two-alternative force choice (AFC) tests were unable to detect an oral sensation consecutive to a pharmacological activation of GPR120 [29] . These inconsistencies strongly suggest that GPR120/FFAR4 is not a major player in oral fat detection. In contrast, an implication of GPR120 in the LCFAmediated release of the incretin hormone glucagon-like peptide-1 (GLP-1) by mouse TBC is likely, as previously demonstrated in enteroendocrine L-cells [30] . Indeed GPR120 and GLP-1 are found to be co-localized in a subset of mouse TBC [31] . Moreover, LCFA elicit GLP-1 release by freshly isolated mouse circumvallate papillae [31] . Interestingly, GLP-1 has been shown to increase the sweet taste sensitivity [32] and orosensory detection of oily solution in the mouse [31] . In brief, CD36 seems to play a role in LCFA detection by taste buds both in rodents and humans, while GPR120 might be implicated in the modulation of the fatty taste sensitivity. The putative relationships between CD36 and GPR120 in TRC are discussed elsewhere [10] .
Signaling cascade A subset of mouse TRC is lipid-responsive. Indeed, LCFA induce a calcium-signaling cascade in mouse [33] [34] [35] and human [35] TRC. This activation leads to the release of neurotransmitters (i.e. serotonin, and norepinephrine) by LCFA-sensitive TRC [33] [34] [35] . Various knockout mouse models subjected to behavioral experiments have been used to explore oral fat detection and related-food choices. These studies have led to the identification of CD36 [5] , STIM1 [36] , TRMP5 [37] , and P2X2/P2X3 [38] as obligatory genes for the transduction of a LCFA-signal in TRC. In brief, LCFA activation of a lipid receptor (CD36) elicits a cellular Ca 2+ influx (under control of the Ca 2+ sensor STIM1) inducing, in turn, a cell depolarization (through the Ca 2+− sensitive Na + channel TRPM5) leading to the secretion of ATP at the start of a neuronal activation via purigenic receptors (P2X2/P2X3 -for a detailed working model see [10] ).
Neural activation Afferent gustatory fibers are involved in the transfer of lipid signals from TRC to the brain. Indeed, the spontaneous preference for, or conversely, the conditioned aversion to linoleic acid (C18:2, n-6) requires intact CT and GL gustatory nerves [33] . Moreover, oral fat stimulation leads to the activation of the gustatory area in NTS [33] . Importantly, this phenomenon appears to be strictly dependent on the chemoreception system found in the lipid-responsive TRC since it cannot be reproduced in CD36-null animals [33] . Direct recordings of CT or GL nerves have shown that an oral lipid stimulation is associated with a small nervous response in wild-type mice [6] . Taken together, these data strongly suggest that FFA-mediated transduction in TRC is coupled with an activation of gustatory nervous pathways in rodents.
By detecting local changes in blood flow, functional magnetic resonance imaging (fMRI) is currently used in humans to obtain an instantaneous brain mapping in response to a specific stimulus. fMRI studies have shown that an oral fat exposure activates neurons located both in insula and OFC (primary and secondary gustatory cortices, respectively - Fig. 1 ) [39] . Most of these neurons being texture-sensitive, it was postulated that the central perception of dietary lipids was not a chemosensory phenomenon [40] . Consistent with this assumption, OFC recordings in non-human primates (macaques) have shown that LCFA-mediated responses of the OFC neurons are indistinguishable from responses evoked by water [41] . To avoid comparing the effect of a control solution different from the lipid stimulus, Eldeghaidy and co-workers have used varying fat concentrations, as a linear modulator. A positive correlation between fat concentrations and insula activation was found in volunteers subjected to an oral stimulation with complex fat emulsions mimicking the sensory and textural attributes of ingesting liquid fatty foods [42] . Contrary to prior studies [40] , the authors conclude that fat itself provides a unique chemical stimulus recognized by the PGC. The reason for this discrepancy between studies might be methodological. Further neuroimaging data are required to formally establish whether neurons sensitive to LCFA exist in the central gustatory pathway in human, as reported for the basic tastes. Such a demonstration might be complex since some of these neurons are responsive to multiple sensory stimuli [40] .
Physiological impact Existence of a link between the efficiency of oral fat detection and food choice is suggested both by animal and human studies. For example, an inverse 7-Specific taste sensation ✓ [52] correlation between oral fat detection performance (brief-access licking test) and preferential consumption of fatty foods (two-choice diet) was found in rats [43] . In humans, low fat tasters consume more carbohydrates and lipids than high fat tasters [44] . Interestingly, subjects identified as low-tasters, by reason of a deleterious mutation in the CD36 gene (rs 1,761, 667 polymorphism) [9] , display a higher preference for added fats and oils [45] . The oral lipid detection system is also implicated in digestive anticipation. This physiological phenomenon prepares the body for the incoming bolus through a reflex loop (tongue/NTS/digestive tract - Fig. 1-2) . In a fasting mouse, an oral fat stimulation induces a rapid rise in digestive juice secretion in a CD36-dependent manner [5] . Similarly, a transient rise in the plasma TG level is found in healthy fasted humans subjected to an oral stimulation with a lipid emulsion [46] .
Regulation To be physiologically relevant, the orosensory detection of dietary lipids must be adaptable to metabolic needs and, thus, must be tightly regulated. Consistent with this assumption, CD36 gene expression in the mouse TRC displays a circadian rhythm with a progressive decrease during the dark period corresponding to the active feeding sequence in this species [47] . This down-regulation is strictly lipid-dependent [47] . The physiological relevance of this dynamic expression pattern is not yet established. However, it is tempting to speculate that it might constitute a progressive physiological desensitization of oral fat detection during the prandial period. This change might temporarily decrease the pleasure of consuming fatty foods during a meal. Such a scenario is reminiscent of the sensory-specific satiety that leads to the decline in pleasure to consume a certain food relative to other not yet consumed foods [48] . Therefore, this phenomenon which takes place independently from post-ingestive feedback affects the food choice during a meal [48] . Behavioral tests have also revealed that the performance of oral lipid detection is endocrine dependent in the mouse, since GLP-1 [31] , ghrelin [49] and endocannabinoids [50] increase lipid responsiveness, while leptin signaling acts in an opposite direction [51] . In brief, the orosensory fat detection/ perception appears to be tightly regulated in rodents. These data are currently lacking in humans.
Specific taste sensation While LCFA can be discriminated in the oral cavity when non-gustatory cues are minimized [22] , sensation is not easily identifiable by subjects. A clear lexicon is lacking. BFatty^is similar to umami in this regard [19] . However, using perceptual mapping, Richard Mattes and his colleagues have recently found that LCFA generate taste sensations that are distinct from other basic tastes [52] . As shown in Table 1 , the orosensory detection of dietary lipids fulfills most of the identified prerequisites to be considered a primary taste, at least in rodents. In humans, the data are supportive, but not definitive. The existence of a taste for fat, besides textural and olfactory cues, might offer additive information on the quality of foods. Such a sensory attribute might constitute an adaptive advantage by facilitating selection of energy dense foods providing essential fatty acids and lipid-soluble vitamins (A, D, E, K), especially in a food-scarce environment. Conversely, when the food supply is varied and plentiful, the reward mechanisms associated with taste might promote overconsumption of fatty foods increasing the prevalence of obesity [53] . Consistent with this assumption, it was reported that obese people tend to overeat fat-rich foods [2, 3, 54] . These findings raise a basic question: what are the relationships between oral fat detection, central fat perception and obesity?
4 Does diet-induced obesity affect the gustatory detection of lipids?
Recent reports strongly suggest that the oral detection of dietary lipids is compromised by obesity in rodents. Dietinduced obesity (DIO) shifts the orosensory detection of oily solutions towards higher concentrations and renders rats [51] and mice [55] unable to detect low concentrations of lipids during very short-term (10-60 s) licking tests. Experimental conditions used minimize textural and postingestive feedback. These data demonstrate that nutritional-induced obesity is associated with a increased threshold (i.e. decreased performance) in oral fat detection in rodents. In humans, the impact of body mass index, as a variable in oral lipid sensitivity remains a matter of debate. Some trials report an inverse association [56] [57] [58] , others found no systematic correlation [44] or no association [19, [59] [60] [61] . Methodological differences might account for these inconsistencies (e.g. preparation of the lipid stimulus, droplet size and stability of emulsions, vehicle composition, characteristics of cohorts (62)). Moreover, a comparison of orosensory experiences using a psychophysical approach (e.g. three-AFC procedure) can be a challenge especially when subjects are naive (i.e. inexperienced) [62] or when the sensation studied is not easily identifiable (see, §3.7).
Because oral LCFA detection is highly variable between subjects [44, 46, 62] , we have chosen to take advantage of the taste-evoked vagal reflex loop (i.e., tongue-NTS-digestive tract axis - Fig. 1-2 ) to overcome this limitation. Since an oral lipid stimulation (i.e. sip and spit procedure) is known to induce a rapid, but modest, rise in plasma TG levels in fasted subjects [46, 63, 64] , this blood lipid parameter has been chosen as a marker of the efficiency of oral fat detection [44] . Interestingly, the rise in plasma TG levels observed in fasted lean individuals subjected to a brief oral LCFA exposure is lacking in obese subjects [44] . This observation strongly suggests that obesity compromises oral FFA signaling, although the precise location of this dysfunction (detection by TRC and/or lipid signal transfer by efferent vagal fibers - Fig. 1-2) is currently unknown. The physiological consequence of this change is not yet established. Indeed, the role of this TG peak, which takes place before any fat absorption, remains elusive. A role as an early metabolic signal, programming the eating behavior during the subsequent meal, is possible. Indeed, targeted delivery of minute quantities of TG to the brain through the carotid artery in fasted mice abolished their subsequent attraction for palatable foods and reduced their motivation to engage in food-seeking behavior [65] . Additive studies are required to explore this possibility.
Several non-exclusive hypotheses might explain this obesity-related hyposensitivity of the oral fat detection. Firstly, human taste performance has been linked to the gustatory papillae density with high-tasters displaying more fungiform papillae than low-tasters [66] . Although the number of gustatory papillae is likely genetically programed, a reduction in fungiform density associated with higher detection thresholds (i.e. lower taste sensitivity) has recently been reported in obese subjects [67] . In contrast, a similar number of fungiform papillae was found in DIO mice and in lean controls despite a strong decrease in the oral fat detection performance (NUTox, unpublished data). This interspecies inconsistency and the fact that fungiform density is highly variable in humans [68] raise doubts on the significant involvement of this parameter in the loss of fatty taste acuity observed in obesity. Moreover, the use of papillae density in predicting taste sensitivity remains disputed [69] . Secondly, a TG lipolysis activity improving the oral fat detection has been identified both in humans [9] and rodents [23] . Interestingly, analysis of human saliva has revealed a decreased lipase activity in context of obesity [70] . Nevertheless, the number of subjects included in this trial was small (n = 9). Further studies are required to confirm this observation and establish a relationship with the oral fat detection performance. Finally, it has been shown that obesity leads to an impairment of the lipid-mediated signaling in TRC. Indeed, the Ca 2+ response to LCFA is especially decreased in CD36-positive TRC from obese mice in comparison to cells from lean controls [35] . Moreover, this change is associated with a decreased neurotransmitter release [35] . This dysfunction is not due to an obesity-mediated defect in the CD36 gene expression in TRC [55] , but to a disturbance of CD36 translocation in the lipid rafts in response to an acute TRC exposure to LCFA [35] . The mechanism by which this change takes place is not yet established. Due to CD36 involvement in oral fat detection, such a defect might explain why obese mice are unable to detect low concentrations of lipids properly during behavioral tests [35] , [55] . It is currently unknown whether such a lipid signal defect also exists in obese humans.
In summary, these findings highlight that a nutritional obesity blunts the performance of oral fat detection in rodents, and likely in humans.
BObese brain^and lipid perception
Numerous functional neuroimaging studies strongly suggest that obesity is associated with alterations both in energy and hedonic assessment of palatable energy-dense foods in human. An attenuated inhibition of hypothalamic activities (BMetabolic^brain) after macronutrient ingestion was found in obese subjects compared with lean individuals by fMRI [71] or positron emission tomography (PET) [72] . Conversely, presentation of energy dense food pictures triggered a greater activation of the cortico-mesolimbic pathway (BEmotional^brain) in obese women than in normal weight controls [73] . The brain areas identified by fMRI as hyperresponsive to visual cues are known to be involved in the interpretation of oro-sensory signals (insula), reward evaluation/expectancy (OFC), learning/memory (amy, hippo) and food reward processing (VTA, NAc) [73] . Interestingly, perception of orosensory signals seems to be also distorted during obesity. Indeed, a higher responsiveness of insular cortex was observed in long-term fasted obese volunteers subjected to an oral stimulation with a formula rich in fat and sugars (Ensure Plus), as compared to normal weight individuals [74] . Since i) lipid introduction in the oral cavity activates the insular cortex [39] and ii) the insular response is positively correlated with adiposity [74] , it is tempting to speculate that the central perception of dietary lipids might be different between lean and obese people. Further studies are required to verify this assumption. Morphometric MRI studies have also shown a decrease in the gray matter density in brain areas involved in taste perception, hedonic assessment and control of eating behavior in obese subjects [75] . Although origin and functional significance of these anatomical changes are not yet established, this finding shows that obesity is also associated with structural remodeling in brain regions known to play a key role in the determination of food choices. The fact that chronic consumption of a saturated high fat diet (HFD) is associated with a rise in neuronal apoptosis and alteration in synaptic plasticity of the hypothalamus in rodents [76] raises the possibility that dietary lipids play a role in the obesitymediated neuronal remodeling.
In rodents, chronic consumption of a HFD elicits functional alterations both in hypothalamic and reward pathways leading to qualitative and quantitative changes in eating behavior (for reviews see, [76, 77] . Interestingly, oral lipid stimulation was found to induce targeted neuronal activations of the Bemotional^brain, especially in the NAc [78] , identified as a hedonic hot spot [15] . Dopamine (DA) and opioids are known to be key players of this reward pathway [15] . Functional alterations in dopaminergic and opioidergic signaling occur in rodents subjected to an obesogenic diet. Indeed, acute HFD induces DA release in NAc [79] , whereas chronic consumption of high fat foods elicits a down-regulation of DA and μ-opiod receptors (D2R and MOR, respectively) [80, 81] . This lipid-mediated neuronal desensitization is likely an adaptive process preventing a chronic cellular activation in response to a continuous or repeated stimulation [82] . The physiological consequence of this down-regulation might be a progressive devaluation of reward value of the stimulus (e.g. oral lipids), as found with abuse drugs [83] . This diet-induced reward deficiency might contribute to the eating behavioral changes currently observed in DIO animals and might explain their tendency to overeat high-rewarding fatty foods [43] , probably to gain the desired hedonic response [80] . In humans, the relationship between obesity and efficiency of dopaminergic response to food cues remains in discussion, by reason of inconsistencies among PET studies, a decrease in D2R availability in NAc and VTA being found by several groups [84] [85] [86] , while no difference [87, 88] or a rise [89, 90] were reported by others.
In brief, nutritional obesity appears to be associated with central neuro-vulnerability [91] , affecting the homeostatic functions of both Benergy brain^and Bemotional brain^. This Bobese brain^phenotype might explain the susceptibility to overeating energy-dense foods [18, 83, 92] , the hedonic hunger becoming greater than the metabolic hunger. A vulnerability of the central fatty taste perception to diet-induced obesity is also suggested, mainly by rodent studies. Further work needs to characterize these phenomena in humans.
This short overview of the literature highlights that the peripheral detection and central perception of dietary lipids might be disturbed in obese rodents and humans. This conclusion raises two basic questions: is impairment of fat detection/ perception the cause or consequence of obesity? What are the mechanisms involved?
6 Obesity-induced impairment of orosensory detection/perception of lipids is reversible
The fact that efficiency of the fatty taste perception is negatively correlated with adiposity in rodents [55] suggests that significant long-term weight loss might improve this sensation. As expected, the reduction of fat mass induced by caloric restriction improves the performance of oral fat detection in formerly DIO rats [51] and mice [55] . Conversely, a regain of body weight reproduces the relative insensitivity of the orosensory fat perception that is characteristic of the obese state [51] . Roux-en-Y gastric bypass (RYGB) is a commonly performed bariatric surgery used to reduce the body weight in morbid obese subjects. This procedure, which connects a small gastric pouch to a jejunal loop elicits a direct delivery of nutrients to the distal gut. In DIO rats, RYGB improves orosensory fat detection/perception explored by using brief-access (10 s) licking tests in conditions minimizing textural and postingestive cues [93] . Food choice tests (low fat versus high fat using liquid or solid paradigms) also highlight behavioral modifications. Indeed, RYGB animals spontaneously shift their choice in favor to low-fat chows [93] [94] [95] . In humans, RYGB is also generally associated with long-term changes in eating behavior and promotes more healthy choices (for reviews see [96, 97] . Gastric bypass patients find fatty meals less pleasant [98] . Dumping syndrome (i.e. set of unpleasant symptoms occurring after a meal), known to be common after bariatric surgery, might play a role in this eating behavioral shift. Nevertheless, fMRI brain mapping before and after surgery has revealed a reduction in activation of the Bemotional brain^after weight loss in humans in response to fat tasting [99] . The diminution of the mesolimbic response was greater with high-than low-palatable foods one month after surgery [100] . Therefore, the beneficial effect of RYGB is partly due to a selective reduction in the reward value of palatable foods in humans.
While these findings emphasize that nutritional obesity plays a causal role in the deleterious effect on fat detection/ perception performance, it is unlikely that weight loss (i.e. loss of fat) alone can explain these changes. Indeed, neuroimaging analysis of brain activations during visual exposure to palatable food pictures revealed that RYBG patients displayed a greater reduction in the cortico-limbic activity than gastric band subjects, despite similar weight loss [101] .
7 Why is nutritional obesity associated with a fatty taste dysfunction?
According to our current knowledge, mainly gained in rodent models, at least two non-exclusive obesity-related disorders might explain the fatty taste dysfunction: endocrine alterations and chronic low-grade inflammation (Fig. 2) .
Taste buds are dynamic entities with physiological performances under local and peripheral endocrine control. A subset of TBC expresses multiple gastro-intestinal hormones including the appetite-regulating hormones GLP-1 and ghrelin (for an exhaustive review, see [102] ). Interestingly, their cognate receptors are also found in taste buds and even in adjacent afferent taste fibers for GLP-1 [103] . This opens the possibility of peripheral and local autocrine/paracrine control of gustatory papillae function. Although taste buds do not produce leptin, ObRb leptin receptor is found in a subset of TBC suggesting that the gustatory papillae are also sensitive to blood leptin variations [104] . The fact that systemic leptin acts as a negative modulator of sweet taste [104, 105] is consistent with this interpretation.
Orosensory detection of dietary lipids is also under endocrine control. Indeed, mice null for the GLP-1 receptor or ghrelin display a reduced lipid taste responsiveness [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , whereas exogenous leptin administration to weight-reduced animals reproduces the increased detection threshold (i.e. the lower sensitivity) for corn oil found in obese rats [43] . Since a decrease in GLP-1 or ghrelin and a rise in leptin occur during obesity [106, 107] , it was tempting to speculate that these endocrine changes might contribute to blunt the lipid taste detection in obese animals. In line with this assumption, RYBG, which is known to improve the blood levels of these appetite-regulating hormones [108] , also improves the sensitivity of oral fat detection in rodents [43] .
Emerging evidence suggests that GLP-1 signaling might also play a direct central role by modulating the reward value of fatty foods. Indeed, GLP-1R is found in the mesolimbic region and the direct delivery of a specific GLP-1 receptor agonist (exendin-4) in VTA or NAc reduces the preference for HFD in rodents (for a review see [109] ). Moreover, it has been recently reported that GLP-1 released from NTS neurons decreases the intake of high palatable food in the mouse, by suppressing mesolimbic DA signaling [110] . Therefore, GLP-1 signaling might limit fat intake in lean rodents by increasing the oral fat acuity and decreasing the reward value of the oral fat message. In normoglycemic obese patients, pharmacological activation of the GLP-1 receptor reduces the overstimulation of brain areas regulating food intake and reward in response to food cues [111] .
Nutritional obesity is also associated with a chronic low-grade systemic inflammation. Increased adiposity and intestinal dysbiosis by producing systemic proinflammatory factors, cytokines and lipopolysaccharides (LPS), respectively [112, 113] are considered to be responsible for this status (Fig. 2) . Albeit, direct involvement of inflammation in the obesity-mediated Bfatty^taste dysfunction is not yet established, several studies do support this hypothesis.
Saturated HFD, classically used to induce DIO rodents, induces gut dysbiosis [114] . This alteration of the intestinal microbiota composition increases the intestinal permeability and systemic release of LPS [115] . These endotoxins activate members of the Toll-like receptor (TLR) family, known to be responsible for the synthesis of pro-inflammatory cytokines. Interestingly, mouse TBC express TLR [116] . Therefore, it is not surprising that an acute LPS systemic injection (5 mg/kg body weight) induces the expression of inflammatory cytokines (TNFα, INFγ and IL6) in mouse circumvallate papillae [117] . Therefore, gustatory papillae are LPS-sensitive in rodents.
Taste buds are also characterized by a rapid cellular renewal with an average life span of 10 days [118] . Studies have reported that an acute LPS administration accelerates the TBC turnover [116, 117] . Whether this local defense response to an acute bacterial injury interferes with the taste performance is currently unknown. Similarly, it is unclear whether this phenomenon occurs during a chronic low-grade inflammation, as found in the obese state. Obesity is also associated with Fig. 2 Working model proposing a sequence of events potentially involved in the fatty taste dysfunctions related to diet-induced obesity in rodents. Chronic consumption of an obesogenic diet (e.g. saturated high fat diet) leads to a progressive body fat accumulation and a shift in the gut microbiota composition. These changes might promote a chronic low-grade inflammatory (e.g. endotoxin release and production of proinflammatory cytokines) and a new endocrine balance (e.g. drop of GLP-1 and ghrelin and rise of leptin) modifying the oral lipid acuity (taste bud level) and related reward response (Bemotional^brain level). Taken together these peripheral and central sensory alterations might create an obesogenic vicious circle by promoting the preferential consumption of energy-dense foods, to reach the expected hedonic satisfaction, Caloric restriction or bariatric surgery, by decreasing the adiposity and improving the composition of gut microbiome, might re-establish the fatty taste performance to lean control values eliciting more healthy food choices inflammation of brain regions activated by gustatory inputs. The use of diffusion tensor imaging based on MRI assessment of water diffusibility has revealed an association between inflammation and injury of secondary gustatory cortex (i.e. OFC) involved in the incentive value of palatable food in obese subjects [119] . Despite these promising preliminary data, further investigations are required to determine whether inflammation is a determinant of fatty taste dysfunction related to obesity.
We thus propose the following mechanisms to explain functional links between nutritional obesity, the fatty taste performance and eating behavior in rodents (Fig. 2) . The chronic consumption of an obesogenic diet leads to a progressive body fat accumulation and to a shift in the gut microbiota composition. Collectively, these changes might elicit a new inflammatory and endocrine environment affecting the fatty taste acuity (taste bud level) and the related central response (Bemotional^brain level). These sensory alterations might promote the preferential consumption of energy-dense foods to reach an expected hedonic satisfaction, creating an obesogenic vicious circle. This deleterious sequence can be broken whether the animal is subjected to a caloric restriction or bariatric surgery. This working model is likely incomplete and somewhat speculative. For example, the putative role of the gut microbiota composition or a chronic low-grade inflammation on the fatty taste efficiency remains to be established. Further studies are required to explore the physiological relevance of this model.
Conclusion and future directions
Does taste play a role in the preferential consumption of fatty foods in nutritional obesity? Substantial evidence supports this assumption, even if several basic issues remain still to be addressed, especially in humans. The fact that long-term weight loss improves the obesity-induced deleterious effects on the fatty taste opens the possibility of future corrective interventions. A better understanding of the regulatory network controlling the orosensory detection/perception of dietary lipids might lead to the development of a Bpharmacological surgery^of obesity leading to a more healthy eating behavior.
This review was not intended to explore all facets of the orosensory detection/perception of dietary lipids. Therefore, the trigeminal-mediated somato-sensation was only occasionally mentioned, in spite of its sensory importance. The functional interest of such a multi-sensory system is to guiding the food choices. In this regard, there are two contradictory opinions: the oro-sensation triggered by FFA is appealing or, conversely, aversive. They are naturally found in minute quantities in fatty foods and can be released from TG by an oral lipase activity. FFA in food are irritant when the concentrations become high, as found in spoiled foods containing oxidized fat. This warning signal, mediated by the trigeminal pathway, inhibits the ingestion of foods potentially toxic. Conversely, the gustatory detection of very low concentrations of FFA, generally found in nonspoiled foods or produced by the oral hydrolysis of TG, might contribute to render fatty foods attractive in association with their textural cues. This analysis, that conciliates two opposite opinions, makes sense from a physiological and nutritional point of view by facilitating selection of healthy foods providing essential fatty acids and lipid-soluble vitamins. Additive studies are needed to verify this assumption.
Gustation acts with somatosensory and olfactory cues to build the reward value of foods, known to be an essential step in the food choice and decision to eat. Emerging literature sheds light on taste and smell sharing several functional characteristics (e.g. CD36 is also expressed by olfactory receptor cells [120] and is involved in olfactory detection of LCFA [121] ) and are influenced by similar factors, including obesity [122] . Deciphering the molecular basis of the relationship linking these two complementary sensory attributes to the obesity risk is probably one of most promising challenges in the field of the sensory-nutritional science.
